Introduction
Composite resins were first introduced in the 1960s as a possible alternative to acrylic resin. However, resin-based composites demonstrated poor wear resistance, polymerization shrinkage, and poor dentin marginal adaptation. They also presented technical challenges in achieving good proximal contact and contour. As a result, their use was limited to class III, IV, and V cavity preparations. In the past ten years the improved performance of composite resins along with the increasing demand for esthetic perfection have encouraged more clinicians to select resin-based composites for posterior restorations as an alternative to amalgam.
However, it is generally accepted resin-based composites are not yet able to guarantee excellent results when used for posterior restorations. This is due to polymerization shrinkage which can still be regarded as the primary negative characteristic of composite resins.
The aim of this paper is to review the effects of polymerization shrinkage on currently used composite resins as well as the methods controlling the development of polymerization shrinkage stress.
Polymerization Shrinkage
Polymerization shrinkage is one of the dental clinician's primary concerns when placing direct resin-based posterior composite restorations. Polymerization of dimethacrylate-based composites is always accompanied by substantial volumetric shrinkage in the range of 2 to 6%. 1, 2, 3 During polymerization the conversion of monomer molecules into a polymer network results in a closer packing of the molecules leading to bulk contraction. 4, 5, 6 In the earliest stage of setting shrinkage is maximal, but fortunately the material is still weak and able to yield. Presumably only chain formation takes place and cross-linking is not yet at full reaction 7 allowing molecules to slip into new positions. At a later stage, although the contraction decreases, the material gains strength and is less able to yield. 7 
Shrinkage Stress
Clinically composite strain is hindered by the confinement of the material bonded to the tooth; as a result, shrinkage manifests itself as stress. It is widely accepted this condition often results in heavily pre-stressed restorations which may have adverse clinical consequences such as the following: 8 1. Polymerization contraction stress is transferred to the tooth and causes deformation. This tooth deformation may result in enamel fracture, cracked cusps, and cuspal movement. 2. Polymerization shrinkage stress has the potential to initiate failure of the compositetooth interface (adhesive failure) if the forces of polymerization contraction exceed dentin bond strength. 12 Such gaps between the resin and cavity walls may cause postoperative sensitivity, 13 micro-leakage, and secondary caries.
the amount of filler contained in a resinbased composite is a major factor in terms of polymerization contraction stress development.
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Degree of Conversion
There is a direct relationship between degree of conversion and shrinkage. 6, 23 For a given composite, a reduction in the final degree of conversion will lead to lower shrinkage and lower contraction stress. However, a low degree of conversion might compromise some of the material's mechanical properties. 24 In contrast, small increases in the degree of conversion will produce substantial increases in stress but will improve the mechanical properties of the material.
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Elastic Modulus
In vitro studies have shown the interfacial stress o during the setting shrinkage of a resin composite is positively correlated with the stiffness rate of the setting material known as elastic modulus or Young's modulus. 26 Therefore, at a given shrinkage value, the most rigid material (the material showing the highest elastic modulus) will cause the highest stress. Obviously, the elastic modulus also increases as the polymerization reaction proceeds. 27 The higher the elastic modulus and polymerization shrinkage of the composite, the higher the contraction stress. Stress is determined by the volumetric shrinkage multiplied by the elastic modulus (Hooke's Law).
Water Sorption
The phenomenon of water sorption of resin composites and their resulting hygroscopic expansion 28, 29, 30 could compensate for the resin composite shrinkage. Although hygroscopic compliance of the surrounding structures sufficiently reduces the setting stress to a level below the cohesive or adhesive strength. The remaining stress (residual stress) is maintained by the total elastic deformation of all materials involved in the tooth's restoration. As a result of this phenomenon, a restored tooth remains under stress even when there is no functional loading on it. This, therefore, implies a greater risk of failure during the tooth's function. 17, 18 4. The shrinkage stress depends on the size of the restoration and, therefore, on the thickness of the cavity wall. The tooth's resistance to polymerization shrinkage diminishes with loss of hard dental tissue. Larger restorations result in lower stress levels in the restoration and toothrestoration interface but increase stress in the tooth.
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Factors Responsible for Polymerization Shrinkage Stress
Filler Content
Composite resins consist of polymer matrix and filler material. Shrinkage is a direct function of the volume fraction of polymer matrix in the composite. The more monomer entities unite into polymer chains and form networks, the higher the composite contraction. On the other hand, the space occupied by filler particles does not participate in the curing contraction. Therefore, the presence of high filler levels is fundamental to reduce shrinkage of the composite during polymerization. 19 Filler content directly influences the mechanical properties and wear resistance of a composite resin. 20, 21 Because of its effect on elastic modulus and volumetric shrinkage expansion may lead to a substantial relaxation of polymerization contraction stress, bonded surfaces are kept from direct contact with water and are restricted in their expansion. As a result, hygroscopic expansion will contribute to the relaxation of shear stress parallel to the adhesive interface.
In contrast to the rather rapid polymerization contraction stress development hygroscopic relief proceeds slowly and might require days. Neither the original contraction stress nor the hygroscopic expansion will be uniform throughout the restoration.
The particular configuration of the restoration will influence the rate and degree of water sorption, 26 thus, generating a gradient from the outer surface to the bulk of the restoration adding new stress. 17 Despite reducing polymerization shrinkage stress, water sorption causes a series of negative consequences on the composite such as deterioration of mechanical properties and alteration of color stability.
C-factor
There is a relationship between cavity configuration and stress development. Flat surfaces and shallow cavities represent the most favorable conditions for the formation of a durable composite-dentin bond. 31 In these cavities polymerization contraction is restricted to one direction, thus, allowing the composite to flow freely in the early rigid stage ( Figure 1A ). 7 This condition prevents the contraction forces from producing stress and helps create a strong bond to the cavity walls. 12 When the contraction is hindered in three dimensions, the stress will be less compensated for by flow ( Figure 1B ). 12 Feilzer et al. 32 developed the C-factor concept which is the relationship between the ratio of the free and restrained composite surface area of a dental restoration. Based on this overview they performed polymerization stress development experiments on cylindrically shaped specimens, and the results were inclusive of restorations with similar C-ratios (Figure 2 ). Box-like class I cavities have five bonded walls and only one un-bonded (i.e., surface of composite) surface. The C-factor is 5/1 = 5 if all of the walls have the same surface area. Class V wedge-shaped lesions have lower C-factors, usually between 1.5 and 3, depending on the design. Most clinical restorations have C-values of approximately 1 to 2. Class II and class III restorations may account for these ratios. Values of C≤1 refer to class IV restorations and composite layers applied to flat or shallowly curved surfaces. An increased C-value leads to a decreased flow capacity which causes a higher rate of shrinkage stress development. 32 The less the restoration is bonded to opposing walls, the less shrinkage interference there will be ( Figure 3) . 33 If two class I cavities have the same volume but a different design, the deeper and narrower cavity will have a higher C-factor than the shallower and larger one.
Management of Shrinkage Stress in Direct Posterior Restorations: Choice of Materials
Flowable Composites
The so-called "flowable composites" were created by retaining the same small particle size of traditional hybrid composites but with a reduced filler content resulting in a reduced viscosity. 34 Low filler content caused some concern regarding inferior mechanical properties and higher polymerization shrinkage when compared to traditional hybrid composites. 3, 34, 35 However, according to Hooke's law, although the higher polymerization shrinkage of flowable composites could potentially create more stress on interface areas their lower elastic modulus would in turn produce less stress when compared to traditional composites.
It is generally suggested the primary benefit of any low-viscosity composite could be to act as a stress-absorbing layer between the hybrid layer and the shrinkage of the resin composite by partially relieving the polymerization contraction stress. If the walls of the cavity with an unfavorable configuration factor are coated with an elastic layer, the bulk contraction of the restoration can gain some freedom of movement from the adhesive sides. Moreover, such a lining might contribute to a more equal distribution of stress over the adhesive interface. However, the use of flowable composites to reduce polymerization shrinkage stress is still being debated and is not widely recommended. It appears the use of a cured thin layer of any composite produces significant stress reduction. 36 The hybrid layer has a relatively low elastic modulus so it works as a stress absorbing layer. However, it is not as thick as a bonding resin and does not appear to play an important role in relieving stress.
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Light-curing and Self-curing Composites Self-curing composites have better marginal adaptation and less microleakage than light-curing ones. 39, 40 They develop different polymerization shrinkage stress due to two intrinsic factors: velocity of polymerization and porosity.
The main difference between the magnitudes of the internal stress of self and light-curing composites 41 is the velocity of polymerization of light-curing composite is much higher than selfcuring composite. A lower velocity results in a better adaptation of the restoration to the cavity walls. 42 Thus, the velocity of polymerization might affect the flow capacity of the resin composite. As the light-curing composite exists in a gel stage only for a moment, there may not be enough time for the resin composite to flow. Porosity, which is usually present in self-curing composites, is a result of the mixing procedure and has been shown to decrease shrinkage stress development. This may be due to the inhibiting effect of oxygen in the voids during the setting reaction as well as to an increase in the free surface as a result of the presence of pores within the bulk of the composite. 43, 44 However, porosity may cause degradation of the mechanical properties of composites. 45 Two additional factors should be taken into account when choosing between a light curing and a self-curing composite: the cavity configuration and the layer thickness. The higher the C-factor, the more evident the difference between the two polymerization processes. In fact when applied on a flat surface or shallow cavity (low C-factor), both composites generate low contraction stress whereas the light curing composites produce a higher stress than the self curing ones when applied to a deep cavity (high C-factor).
Since the intensity of the curing light is highest at the surface and decreases as it penetrates deeper into the composite, the layer thickness has an influence on the degree of conversion of the light-curing composite. When the composite is applied as a single layer, the polymerization of light-curing composites does not induce stress at the bottom of relatively deep cavities due to the low degree of polymerization. On the other hand, stress in self-curing composite would be equally generated within the cavity. In a shallower cavity the maximum polymerization would take place in the light-curing composite throughout the cavity in the same manner as in the self-curing composite, since light would instantly penetrate the composite and there would be a slight reduction of light intensity throughout the material. 
Glass-ionomer Cement
The so-called glass ionomer-composite, "sandwich technique," provides significant clinical advantages. The glass ionomer used as a liner or base offers several advantages as follows:
• Establishes a reliable gap-free chemical bond to composite resins 46 • Provides anti-cariogenic effects from fluoride release • Volumetric reduction of composite resin • Protects the underlying pulp from irritation 47, 48 • Provides a relatively reliable form of adhesion to the dentin with little or no polymerization stress Therefore, the combined glass ionomer-composite restoration may not only result in improved retention but may also reduce postoperative sensitivity in anterior and posterior composite restorations.
Some authors tested glass ionomer cements in an 'open sandwich' technique to seal the cervical cavity margins in class II restorations.
Choice of Restorative Technique
Placement Technique
Restoration placement techniques are widely recognized as a major factor in the modification of shrinkage stress. By using specific restorative techniques stress resulting from constrained shrinkage may be reduced. However, it is not clear which restorative technique should be used to reduce shrinkage stress. Applying the composite in layers instead of using a bulk technique is suggested to reduce shrinkage stress. 49 Three main factors concur to reduce shrinkage stress: use of a small volume of material, a lower cavity configuration factor, and minimal contact with the opposing cavity walls during polymerization.
It is widely accepted incremental filling decreases shrinkage stress as a result of reduced polymerization material volume. Each increment is compensated by the next, and the consequence of polymerization shrinkage is less damaging since only the volume reduction of the last layer can damage the bond surface. Theoretically, if an infinite number of increments were used, the magnitude of polymerization shrinkage would be insignificant. 50 This statement is only partially true since not all polymerization shrinkage occurs immediately after light-activation. Sakaguchi et al. 51 reported immediately following activation only 70-85% of polymerization shrinkage occurred, and after five minutes, this could reach up to 93%.
Moreover, during polymerization shrinkage of the last increment, a considerable strain from the polymerization shrinkage of the first layer can still be under development (leading to a concentration of stress on the adhesive interface). This means the polymerization shrinkage and the consequent stress generated may result in a combined effect of polymerization shrinkage from every increment. 8, 52 The notion each increment can compensate for polymerization shrinkage would only be valid if the increment could be placed in all regions where volume reduction occurs. This only seems to be possible for a deflected surface but not for the volume reduction occurring in the interface and leading to gap formation. On the contrary, the polymerization of additional layers tends to deform the previous increments even more resulting in an increase in the gap width. 53 Minimal contact with the cavity walls during polymerization is another advantage of the incremental technique. Therefore, there is a lower cavity configuration factor due to the large free surface permitting resin to flow during polymerization. 54 Although all incremental restorative techniques involve a reduction of bonded to unbonded (free) surface ratios, it would be advisable to choose techniques involving the application of the composite to a single dentin surface without touching the opposing cavity walls since shrinkage stress is only produced when composite polymerization is retained in three dimensions.
Several authors currently recommend the use of the incremental technique to reduce contraction stress. 14, 54, 55, 56, 57, 58 The following are the best known stratification techniques (Figure 4 ):
• Facio-lingual Layering (vertical) • Gengivo-occlusal Layering (horizontal) 59, 60, 61 • Three-site Technique 62,63 -This is a layering technique associated with the use of a clear matrix and reflective wedges. First, the curing light is directed through the matrix and wedges in the attempt to guide the polymerization vectors toward the gingival margin, thus, preventing any gap formation. Then wedge-shaped composite increments are placed to further prevent distortion of cavity walls and reduce the C-factor. This technique is associated with polymerization first through the cavity walls and then from the occlusal surface in order to direct the vectors of polymerization toward the adhesive surface (indirect polymerization technique).
• Wedge-shape Layering (oblique) -In this technique wedge-shaped composite increments are placed and polymerized only from the occlusal surface.
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• Successive Cusp Build-up Technique 65, 66, 67 In this technique the first composite increment is applied to a single dentin surface without contacting the opposing cavity walls, and the restoration is built up by placing a series of wedge-shaped composite increments to minimize the C-factor in 3-D cavity preparations. Each cusp is then built up separately.
• Bulk Technique -The bulk technique is recommended by some authors to reduce stress at the cavosurface margins. 8, 60 • Centripetal Build-up -This technique was especially developed for class II cavity restorations. An initial vertical composite increment is applied on the cervical margin against the metal matrix. Cavity filling is then completed by horizontally layering the composite. This technique allows transformation of class II cavities into class I cavities.
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Generally greater shrinkage force is generated in the longest dimension of the particular cured volume. This explains the highest values for the wedge increment techniques because the longest dimension of the first increment spans the longest linear distance of any increment; the outer layer of the first increment spans from the junction of the pulpal floor and the wall on one side to the cavosurface margin on the opposite wall. This diagonal transverse dimension is longer than any other dimension in a preparation of this geometry.
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A positive effect in terms of lower shrinkage stress due to polymerization in layers can be questioned. This does not imply a layering technique should not be recommended. The main reasons for using the layering technique include easier handling, better modeling of the restoration, and improved material polymerization. In contrast, the bulk light-cured procedure may not be considered clinically relevant since bulk light-curing will result in a low degree of conversion deep inside the restoration.
Polymerization Strategies
It has been shown high intensity lights may provide higher values for degrees of conversion (DC) and physical properties ) 69,70,71 although they also produce higher contraction strain rates during composite polymerization. 72 A slower curing process may allow stress relaxation to take place during the polymerization process.
A recent approach designed to allow the resin composite some freedom of movement consists of an initially reduced conversion degree of the resin material.
Because the polymerization process is dependent on total light energy rather than light intensity alone, two different approaches can be proposed: the application of a lower intensity light for a longer period time or use of variable intensities over a given period time. An equivalent degree of conversion may be achieved with both techniques. 73 These techniques initially use low-intensity curing for a short period of time in order to provide sufficient network formation on the composite surface while delaying the gel point in the lower layers until a final high-intensity polymerization is initiated. Excellent marginal sealing and cavity adaptation can be achieved with this method 74, 75 since it does not have a detrimental influence on the final conversion rate or on the mechanical properties of the restoration. However, some investigators 79, 80 did not find any improvement using this soft-start polymerization method. This result may be explained by the different concentrations of photo-initiators. Certain resin-based composites may require shorter exposure time to achieve the same degree of conversion while maintaining the same intensity. The gel point is anticipated even with a soft-start polymerization.
Conclusion
At present, the restorative clinician has to coexist with the problem of resin composite polymerization shrinkage and destructive shrinkage stress. There is no straightforward way of handling adhesive restorative materials that would guarantee the reliability of restorations. This is due to the fact several aspects involved in the polymerization process cannot be controlled and may compromise the integrity of the toothrestoration complex causing undesirable clinical effects such as post operative sensitivity. Moreover, each clinical case presents unique characteristics.
However, the judicious selection and use of modern dental materials, careful control of polymerization shrinkage, and effective placement techniques can be used to create more predictable and esthetic posterior direct resin composite restorations.
This critical review paper is intended to be a useful contribution to the recognition and understanding of problems related to polymerization shrinkage and to provide clinicians the opportunity to improve the quality of their restorations.
